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ABSTRACT

Onychomycosis, a persistent fungal infection of the nails, is a therapeutic challenge because of its high recurrence, poor drug penetration, and resistance
developed by the fungus to common antifungals (AFs). “The available therapies, such as oral azoles and topicals, can have limited efficacy, lengthy
duration of treatment, or potential side effects,” they added. This has created a demand for new and better AF tactics. Novel AFs whose development
has been fueled by recent advances in our understanding about fungal biology are the newer (most are second-line for invasive mycoses) broad-
spectrum systemic agents with superior pharmacokinetic profiles and lower toxicities, as seen with improved azole derivatives and allylamines.
Systemic AF therapy nanotechnology-mediated drug delivery systems, such as nanoparticle encapsulated AFs and liposomal formulations, have
promising potential for increased drug penetration and therapeutic efficacy. In resistant cases, non-pharmacological measures such as photodynamic
therapy and lasers are increasingly being considered. In addition, emerging approaches, such as microbiome-targeted interventions and RNA-based
treatments, provide new methods for addressing fungal biofilms and recalcitrant infections. However, significant challenges exist in the translation
of these novel therapies into clinical practice, and research efforts continue to be made toward refining modifications of treatment algorithms and
enhancing patient efficacy. The present review summarizes the new therapeutic approaches to onychomycosis with a special emphasis on the
mechanism, clinical efficacy, and future development. The convergence of innovative anti-fibrotic agents (AFs), nanotechnology, and novel therapeutic
approaches holds promise for the development of more efficacious and tolerable treatments in the near future.
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INTRODUCTION are being studied to enhance drug delivery and sustain AF action at the
infection site [12]. Moreover, non-pharmacological therapies, including
photodynamic therapy (PDT), laser therapy, and microbiome-based
interventions, are emerging as promising alternatives, especially in
resistant cases or when conventional treatments are limited [13].

Onychomycosis, a chronic fungal infection of the nail, affects 10-12% of
the global population and is among the most common nail disorders [1].
It is primarily caused by dermatophytes such as Trichophyton rubrum
and Trichophyton mentagrophytes, though non-dermatophyte molds

and yeasts such as Candida spp. can also be involved [2]. The infection This review discusses recent advances in onychomycosis management,
typically begins as a small spot and progresses to thickened, brittle, covering novel AF agents, advanced drug delivery technologies, and
and deformed nails, impairing activities such as walking and handling innovative non-drug therapies [14]. By examining current clinical
objects [3]. Although often viewed as a cosmeticissue, it can have serious trials and experimental treatments, we aim to provide clinicians with
consequences, particularly in diabetics and immunocompromised an updated perspective on evolving therapeutic options and future
individuals, where it may lead to secondary bacterial infections, directions in the management of onychomycosis [15].

cellulitis, or chronic ulcers. Recurrence and slow nail growth make

treatment challenging [4]. Oral antifungals (AF) such as terbinafine STAGES OF ONYCHOMYCOSIS INFECTION

and itraconazole are standard treatments due to their nail bed
penetration, but their use is limited by long treatment durations (up to
12 weeks), liver toxicity, and drug interactions, especially in elderly and
hepatically compromised patients [5]. Topical agents such as ciclopirox
and efinaconazole are safer but have limited penetration and require
prolonged application with modest cure rates [6]. The thickened nail
plate and formation of fungal biofilms act as physical and biological
barriers, leading to drug resistance, recurrent infections, and treatment
failure [7].

Onychomycosis is a common fungal infection of the nail apparatus
that progresses in distinct clinical stages shown in Fig. 1, from mild
discoloration to complete nail dystrophy. Understanding the natural
history of the disease is critical for timely diagnosis, effective treatment,
and prevention of complications [16].

Initial stage: Early infection

In the early phase, onychomycosis often presents with minimal clinical
symptoms. The hallmark features include subtle discoloration -
commonly white, yellow, or off-white - typically localized to the distal
or lateral margins of the nail plate. Nail thickening is mild or absent,
and structural integrity is usually maintained [17]. Dermatophytes,
particularly T rubrum, are the most common etiological agents at this

AF resistance is increasing, driven by mechanisms such as gene
mutations, efflux pump activation, and metabolic changes in fungi [8].
These challenges highlight the urgent need for new AF strategies in

dermatology. Due to limitations of current therapies, novel approaches stage [18]. Two frequent subtypes may be observed:
arebeinginvestigated to enhance efficacyand reduce side effects [9]. New

systemic AFs such as oteseconazole and fosravuconazole show promise Distal lateral subungual onychomycosis

with improved fungal selectivity, safety, and patient adherence [10]. Begins at the hyponychium or lateral nail fold and spreads proximally [19].
In addition, innovative topical formulations, including benzoxaborole-

based drugs and nanoparticles (NPs), aim to overcome nail penetration Superficial white onychomycosis

barriers and improve local drug retention [11]. Nanotechnology-based Involves superficial patches of white discoloration on the nail plate

delivery systems such as liposomes, solid lipid NPs, and metallic NPs surface [20].
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Diagnosis at this stage can be challenging due to the subtle presentation,
but early identification is crucial for effective management and
prevention of disease progression [21].

Moderate stage: Established infection

As the infection advances, more pronounced clinical features emerge.
These include increased nail discoloration (yellow, brown, or chalky
white), thickening of the nail plate, and friability. Onycholysis -
detachment of the nail plate from the nail bed - is often evident, along
with subungual hyperkeratosis, which manifests as keratinous debris
under the nail [22]. Pain is usually absent or mild, but cosmetic concerns
are common. At this stage, more than 25% of the nail plate may be
affected, and the infection may begin to spread to adjacent nails [23].

Advanced stage: Severe infection

The advanced stage is characterized by marked nail dystrophy,
deformity, and discoloration. The nail plate becomes significantly
thickened and deformed, with potential complete separation from
the nail bed [24]. Patients frequently report pain, particularly when
wearing shoes or during ambulation, in cases involving toenails. Foul
odor and secondary bacterial infection may also occur [25]. This stage
often leads to a substantial decline in nail function and esthetics, with
social and psychological implications [26].

Chronic stage: Long-term untreated infection

In chronic cases - particularly when left untreated or inadequately
treated - the infection can result in irreversible nail damage. Nails
become severely dystrophic, discolored, and brittle, often involving
multiple digits [27]. This stage may be complicated by secondary
infections such as cellulitis, especially in immunocompromised or
diabetic patients [28]. Chronic onychomycosis is associated with
reduced quality of life and can serve as a reservoir for continued fungal
transmission [29].

Special variants and considerations
Proximal subungual onychomycosis

Aless common form that begins at the proximal nail fold and progresses
distally. It is often seen in immunocompromised individuals, including
those with human immunodeficiency virus/acquired immunodeficiency
syndrome [30].

Candidal onychomycosis

Caused by Candida spp., it predominantly affects fingernails and may be
associated with paronychia or chronic mucocutaneous candidiasis [31].

PATHOGENESIS AND DRUG RESISTANCE MECHANISMS

Onychomycosis is a long-lasting fungal infection that is mainly caused
by dermatophytes, and among them, T rubrum is the most common
species, and T mentagrophytes is the second most common one [32].
These fungi are adapted for growth on keratinized tissues, where
they produce enzymes such as keratinases, proteases, and lipases to
degrade the nail matrix and shaft structure, which facilitates their entry
into deeper layers. Dermatophytes are the most frequent causative
organisms, but NDMs, e.g.: Scopulariopsis brevicaulis, Aspergillus
species, and yeasts, such as Candida albicans, have been increasingly
implicated, especially in immunocompromised or very wet feet.
Variability in the fungal species also leads to differences in treatment
outcomes since some fungi are naturally more resistant to routine AF
drugs [33].

A major obstacle in managing onychomycosis is fungal biofilm
formation, which promotes drug resistance. Biofilms are structured
microbial communities within a protective extracellular matrix,
shielding fungi from AFs and immune responses [34]. Within biofilms,
fungi undergo metabolic and genetic changes, leading to poor drug
penetration, altered targets, and heightened efflux pump activity via
ABC transporters and MFS proteins [35]. Mature biofilms can be up
to 1000-fold more drug-resistant than planktonic cells, necessitating
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Fig. 1: Different stages of onychomycosis infection

prolonged therapy and contributing to high recurrence rates. Host-
pathogen interactions are crucial in the progression and persistence of
onychomycosis, independent of biofilm-associated resistance [36]. The
avascular nature of nails limits immune cell access, making infections
difficult to treat compared to other sites where robust immune
responses occur [37]. The innate immune system, especially neutrophils
and macrophages, provides primary defense against fungi. However,
dermatophytes such as T rubrum evade this via immune-suppressive
strategies. Its mannan glycoprotein impairs macrophage activation
and T-cell response, aiding fungal persistence [38]. Fungal proteases
and reactive oxygen species (ROS) modulators further inhibit host
immunity [39]. In diabetics, impaired immunity and poor peripheral
circulation enhance fungal colonization, whereas hyperglycemia
fosters fungal growth and biofilm formation, increasing AF resistance.
In the elderly, slower nail growth and thicker nail plates hinder drug
penetration [40]. These multifactorial resistance mechanisms often
result in only temporary relief with standard AF therapy. Thus, novel
therapeutic approaches are being explored targeting biofilm disruption
using enzymatic agents, NPs, or combination therapies [41]. In
addition, immune-modulatory interventions, including host-directed
therapies to enhance AF immunity, hold promise for managing chronic
and treatment-resistant onychomycosis [42].

ADVANCES IN AF DRUG DEVELOPMENT

Indeed, treatment of onychomycosis is a difficult task, considering
the poor penetration of drugs, frequent relapses, and developing
resistance of the fungi. Although systemic AFs, including terbinafine
and itraconazole, have been used for a long time, long-term treatment,
hepatoxicity, and drug interaction issues highlighted the need for
safer and more effective therapy [43]. New developments in AF
agents are both systemic and topical and are being discovered with a
better combination of efficacy and side effects [44]. The introduction
of second-generation azoles and allylamines in systemic therapy and
of new topical compounds utilizing benzoxaboroles and penetration
enhancers has substantially improved treatment results in superficial
infections [45]. These advances are changing the approach to
onychomycosis treatment, and bringing hope to those suffering from
hard-to-treat or recurrent infections (Fig. 2).

New systemic AF drugs have been developed to address the defects of
the previous AFs. Novel azoles such as oteseconazole and isavuconazole
provide enhanced selectivity against fungal enzymes with decreased
toxicity and increased potency [46]. Oteseconazole, for example, shows
higher activity against dermatophytes with less effect against human
cytochrome P450 enzymes, reducing the potential for hepatotoxicity
and risk of drug interactions [47]. It has a longer duration of half-life
that permits less frequent dosing, thereby conferring improved patient
compliance. In a similar context, isavuconazole (a broad-spectrum
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Fig. 2: Various treatment options available for managing
onychomycosis

triazole) offers an added advantage of improved bioavailability and
tolerability, rendering it ideal for patients intolerant/refractory to
conventional azoles [48]. Innovations in allylamines have resulted in
terbinafine with increased bioavailability and lipophilicity for better
nail bed penetration and shorter treatment courses [49]. In addition,
alternative topical AF approaches have been developed for patients
who are intolerant of systemic therapy.

Among the benzoxaboroles, tavaborole has shown good nail penetrance
and high AF activity [50]. As a therapeutic, tavaborole is unique in that
it acts through inhibition of leucyl-tRNA synthetase, a critical enzyme
in fungal protein synthesis - as opposed to conventional azoles and
allylamines, which ultimately leads to the death of fungal cells. Its low
molecular weight can enhance the penetration into the nail matrix with
increasing efficacy for persistent infections [51]. By integration of some
new drug delivery techniques (such as NP formulations, lipid carriers,
and potential penetration-enhancing agents, e.g, urea, dimethyl
sulfoxide, etc.), the increment of the penetration of topical formulations
to reach the fungi and to destroy them effectively is increasing [52].
Topical combination therapies are also becoming more popular,
because they use more than one AF working mechanism to improve the
efficacy and minimize the resistance [53]. The combination of azole-
allylamine targets several fungal pathways, whereas AF-corticosteroid
assists by attenuating inflammation and enhancing drug absorption
[54]. Adjuvant therapies, including laser and photodynamic treatment,
have also been investigated to improve the penetration of medicaments
in the thickened and difficult medicament penetration of nails
[55]. The innovation will enable more efficient and patient-friendly
therapies to be developed. In the future, research is broadening beyond
traditional AF drugs, investigating new therapeutic alternatives, such
as peptides AF peptides, RNA-based therapies that silence essential
fungal genes, and intelligent delivery systems such as microneedle
patches and responsive hydrogels [56]. AF research has been further
complemented by artificial intelligence and personalized medicine for
the individualization of treatment to the patient profile, thus enhancing
cure rates [31]. With the increasing prevalence of drug resistance,
these innovations present exciting new options for the treatment
of onychomycosis, resulting in more successful and more available
treatments with fewer side effects and improved patient outcomes [57].

NANOTECHNOLOGY-BASED AF THERAPIES

Nanotechnology is making tremendous progress in AF therapy by
tackling drawbacks possessed by traditional drugs, such as inadequate
nail penetration, resistance, and systemic toxicity [30]. The remarkable
characteristic features of the NPs, which contribute to enhancing
drug delivery, antimycotic effect, and minimizing the side effects, are
their dwarf size, high surface area, and functionalization [58]. Based
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on the entrapment of AFs or the use of the antimicrobial activity of
metal NPs, such advanced formulations are trying to overcome more
effectively and selectively onychomicosis. NP-encapsulated AFs, as
described in Table 1 are one of the most promising areas for the use
of nanotechnology in AF therapy is in the use of NP-encapsulated AFs.
Traditional AF agents often struggle to penetrate the dense keratin
layers of the nail, leading to prolonged treatment durations and high
recurrence rates. NP-based drug carriers, such as polymeric NPs,
lipid-based NPs, and solid lipid NPs, offer a solution by improving
the solubility, stability, and bioavailability of AF agents [59]. For
instance, terbinafine or fluconazole encapsulated in NPs can achieve
sustained release, ensuring prolonged drug action at the infection
site. The nanoscale size enables deeper penetration into the nail bed,
improving therapeutic efficacy. Some NPs are even designed with
targeted delivery mechanisms, allowing them to release the drug
only in the presence of fungal enzymes, reducing off-target effects
and minimizing systemic exposure [60]. Liposomal drug delivery
systems are another groundbreaking approach that enhances the
effectiveness of AF therapy, particularly for topical applications.
Liposomes, which are phospholipid vesicles capable of encapsulating
hydrophilic and hydrophobic drugs, have demonstrated remarkable
improvements in nail penetration [61]. Conventional topical AF
creams struggle to reach deep fungal reservoirs within the nail, but
liposomal formulations provide better adhesion, controlled drug
release, and increased permeability. For instance, the effectiveness
of AF liposomal amphotericin B is improved with lower toxicity in
comparison with the free drug [62]. New approaches for treating
resistant and recurring nail infections are also being investigated,
such as hybrid liposomal systems with increased flexibility and
penetration properties such as deformable liposomes and ethosomes,
which may represent interesting options in the treatment of stubborn
nail infections. Nanotechnology and metal NPs with inherent AF
properties. Silver, zinc oxide, and copper NPs exhibit a strong AF
activity, and this is attributed to its potential of perturbing the fungal
cell membrane, inhibiting metabolic pathways, and generating ROS
responsible for inducing the oxidative stress in fungal cells [63]. Unlike
currently available AF agents acting on specific fungal enzymes or
structures, metal NPs have several modes of action, which decreases
the possibility of resistance via mutations.

NON-PHARMACOLOGICAL AND NOVEL APPROACHES

Scientists are exploring alternate drug-free and novel ways to treat
onychomycosis more effectively since drug resistance and treatment
limitations continue to invalidate standard AF therapeutics [73]. When
it comes to the alternative treatments strategy offering safer, more
targeted, and resistance-free treatment alternatives, including PDT,
laser-based treatments, probiotic and microbiome-based therapies,
and RNA-based therapeutics, these strategies and a significant amount
of promise to change the way onychomycosis is treated using advances
in medical technology, microbiology, and genetic engineering shown
in Table 2 [74]. PDT and laser treatment represent some of the most
exciting recent advances in the treatment of onychomycosis [75].

PDT begins by first treating the infected nail with a photosensitizing
substance, after which it is exposed to a certain wavelength of light. ROS
that interact in this manner do not damage neighboring tissues, but act
against fungal cells only. Compared to conventional AFs, PDT is a site-
specific and non-invasive approach that reduces systemic side effects
and delinks the potential of drug resistance [76].

Similarly, laser treatments use powerful light to focus and destroy
fungal cells through the thermal or photomechanical effect. Exhibiting
promising results in enhancing nail appearance and reducing fungal
burden, medical devices such as Nd: YAG and diode lasers have been
cleared by the Food and Drug Administration for the treatment of
onychomycosis [77]. These treatment options are particularly useful in
individuals who are unable to take systemic AF therapy or who have
multiple infections that do not respond to standard therapy.
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Table 1: Nanotechnology-based antifungal therapies for onychomycosis

Technology approach Nanoparticle type Drug/formulation = Mechanism of action Key findings References
Nanoparticle-encapsulated Liposomal NPs Liposomal Increased penetration Enhanced drug retention [64]
AFs amphotericin B into the nail bed, reduced  and higher AF efficacy
systemic toxicity
Polymeric NPs PLGA-encapsulated Sustained drug release and Improved AF activity and [65]
terbinafine increased bioavailability prolonged effect
Chitosan NPs Ciclopirox-loaded Mucoadhesive properties  Increased AF activity, [66]

chitosan NPs allow longer drug biofilm inhibition

retention

Metallic nanoparticles with  Silver (AgNPs) Silver Disrupts fungal cell Strong AF activity with [67]
intrinsic AF properties nanoparticle-based membranes, inhibits minimal side effects
topical gel biofilms

Zinc oxide (ZnO NPs)  ZnO
nanoparticle-based
nail lacquer
Efinaconazole-loaded Encapsulates the drug for

Generates reactive oxygen
species to kill fungi

Inhibits fungal growth, [68]
enhances penetration
Liposomal drug delivery

Liposome-based Increased drug retention [69]

for enhanced nail formulations liposomes deeper nail penetration and clinical cure rates
penetration

Nanocarrier-based drug Solid lipid Terbinafine-SLNs Improves solubility Better drug absorption [70]
delivery nanoparticles (SLNs)  topical gel and stability, enhances and reduced side effects

penetration

Synergistic AF effect via
membrane disruption
Improves drug solubility
and skin penetration

Hybrid nanostructures Metal-polymer Terbinafine-silver
hybrids hybrid nanoparticles
Nano-emulsion-based Ciclopirox

drug delivery nano-emulsion

Faster nail clearance and  [71]
superior efficacy

Increased AF [72]
efficacy compared

to conventional

formulations

Nano-emulsions and
nano-gels

AFs: Antifungals, NPs: Nanoparticles

Table 2: Clinical studies on emerging antifungal therapies for onychomycosis

Therapy type Drug/intervention References

Oteseconazole (VT-1161)

Study design Sample size  Key findings

Phase II, randomized,
double-blind

Next-generation
systemic AFs

200+patients  Higher efficacy with fewer side [89]

effects than fluconazole

Isavuconazole Phase II, multicenter 150 patients Effective against resistant [90]
dermatophytes; well tolerated
Ibrexafungerp (SCY-078) Phase III, open-label 300 patients Promising alternative for [91]
azole-resistant infections
Topical innovations Efinaconazole 10% Phase III, 1655 patients  Superior cure rates compared to [92]
randomized, ciclopirox
controlled
Tavaborole 5% Phase I, 1200+patients Significant nail penetration and [93]
double-blind clinical improvement
Combination therapy Phase II, randomized 250 patients Enhanced efficacy over [94]
(ciclopirox+terbinafine) monotherapy
Nanotechnology-based Liposomal amphotericin B Phase II, pilot study 60 patients Improved penetration and reduced [95]
therapies toxicity
Silver nanoparticles Pre-clinical and early 40 patients Strong AF activity with minimal [96]
clinical side effects
Non-pharmacological Photodynamic therapy with ~ Phase I, randomized 100 patients Effective in moderate [97]
approaches methylene blue onychomycosis cases
Nd: YAG laser therapy Phase I1], comparative 180 patients Comparable efficacy to oral [98]
terbinafine with fewer risks
Probiotic Therapy Phase I/II, open-label 50 patients Potential AF activity; further [99]
(Lactobacillus-based topical) studies needed
RNA-based therapeutics Pre-clinical N/A Promising inhibition of fungal [100]
(siRNA against fungal genes) growth

AF: antifungals, siRNA: Small interfering RNA

In addition to light-based therapies, the microbiome and probiotics
are taking a prominent place in the treatment of onychomycosis.
Frequently precipitated by antibiotics, immunosuppression, or
external factors, the disruption of this delicate balance can promote
conditions conducive to fungal challenge. Probiotic therapies aim to
re-establish this balance through the addition of beneficial bacteria,
which compete with fungal pathogens for space and nutrients [78].

Other studies have shown that certain probiotic strains, such as
Lactobacillus and Bacillus subtilis, produce AF compounds that inhibit
the growth of dermatophytes. In addition, attempts to modulate the
microbiome (with pre- and/or postbiotics) are explored to reinforce
the innate defense response within the nail microbiota. Another novel
intervention that shows promise is RNA based therapeutics and gene
silencing, providing a very specific tool to tackle fungal infections at the

11



Kori and Tyagi

genetic level [79]. RNA interference efficiently inhibits fungal growth
and survival through the silencing of essential fungal genes using small
interfering RNAs. Fungi have a hard time developing resistance to direct
genetic manipulation, so that approach is particularly promising as it
lowers the likelihood of resistance developing. Researchers are also
studying antisense oligonucleotides that can suppress the expression
of genes associated with fungal biofilm formation and virulence. These
treatments could provide long-lasting answers for onychomycosis
by stopping fungi from clinging to the nail bed or creating resistance
mechanisms. Advances in CRISPR-Cas9 gene-editing technology are
also creating new opportunities for directly targeting fungal pathogens
while maintaining the natural microbiota of the host [37]. The
treatment of onychomycosis is undergoing a significant change with
the investigation of non-pharmacological and creative AF strategies.
Although still in different phases of research and development, these
treatments clearly have the possibility to offer safer, more focused, and
long-lasting solutions. As laser and PDT technologies become more
accessible, microbiome-based interventions advance, and RNA-based
therapeutics gain traction, the future of onychomycosis treatment will
likely move beyond conventional AFs, offering patients more effective
and less invasive options for managing this persistent condition [57].

CLINICAL TRIALS AND FUTURE PERSPECTIVES

Despite the rapid advancements in AF therapy, translating these
innovations into effective clinical practice remains a significant
challenge. Emerging AF treatments, including next-generation
systemic drugs, nanotechnology-based delivery systems, and non-
pharmacological therapies, have demonstrated promising results in pre-
clinical and early-stage trials [80]. However, several hurdles, including
regulatory approvals, cost, long-term safety, and real-world efficacy,
must be addressed before these novel therapies become mainstream
treatments for onychomycosis [81]. One of the primary concerns in
translating innovations to clinical practice is the heterogeneity of
onychomycosis cases. The infection varies in severity, causative fungal
species, and patient demographics, making it difficult to develop a
universal treatment approach. Many emerging therapies, such as RNA-
based AFs and microbiome-targeted treatments, have shown strong
potential in controlled laboratory environments but lack extensive,
large-scale, multi-center clinical trials to validate their efficacy across
diverse patient populations [82]. In addition, bioavailability and drug
penetration remain key obstacles. The high cost of developing these
sophisticated therapies could result in limited access, especially in
poorer areas where onychomycosis is usually left untreated because of
financial limitations [83].

Regulatory bodies, including the FDA and EMA, want years’ worth
of thorough safety and efficacy data. Often, this drawn-out schedule
leads pharmaceutical companies to give more commercially viable
medications priority over niche AF therapies, hence postponing
innovation in the sector [84]. Notwithstanding these obstacles, the
future of onychomycosis management seems bright. To obtain better
therapeutic results, researchers are actively developing improved
combination treatments combining several treatment modalities,
including NP-based drug delivery with laser therapy or probiotic-based
approaches combined with systemic AFs [85]. Al-driven drug discovery
is also hastening the discovery of new AF chemicals, therefore enabling
the creation of very selective drugs with little adverse effects. As
personalized medicine advances, patient-specific treatment strategies
based on genetic and microbiome profiling could become a reality,
allowing for more precise and effective interventions. Increased
awareness and preventative measures will play a key role in reducing
the burden of onychomycosis [86].

Future strategies may include vaccination against dermatophyte
infections, better hygiene education, and improved screening methods
to detect early-stage fungal infections before they become severe. Public
healthinitiatives aimed at promoting footand nail care, especially among
high-risk populations such as diabetics and immunocompromised
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individuals, could significantly reduce the incidence of onychomycosis-
related complications [87]. By addressing the challenges associated
with drug resistance, treatment accessibility, and regulatory approvals,
the next generation of AF therapies could redefine the standard of care
for onychomycosis, offering more effective, safer, and patient-friendly
treatment options in the years to come [88].

TREATMENT TRENDS

Systemic AFs

Itraconazole and terbinafine have high cure rates. The rates of mycotic
cure were 76% for terbinafine, 63% for itraconazole pulse therapy,
59% for itraconazole continuous therapy, and 48% for fluconazole.
However, these therapies are not devoid of potential adverse effects
such as hepatotoxicity and drug-drug interactions [101].

Topical treatments

Topical treatments such as efinaconazole have also been shown to
be effective (17% cure rates). Efinaconazole is a topical azole AF that
resulted in two- to three-fold higher cure rates than the next-best
topical treatment, ciclopirox [102].

PDT

This emerging treatment involves applying a photosensitizer to
the affected nail and exposing it to light, effectively reducing fungal
presence. However, evidence is still preliminary, and more research is
needed to establish its efficacy [103].

FUTURE SCOPE

The future scope in the treatment of onychomycosis (fungal nail
infection) looks promising, with advancements in both medical
research and treatment technologies. Here are some of the key areas
where we may see progress in the coming years:

Laser and light therapies

e Laser treatment: Especially with lasers such as the Nd: YAG,
laser therapy is drawing interest as a non-invasive substitute for
conventional treatments. Without harming neighboring tissue, lasers
can penetrate the nail plate and kill fungal cells [104].

e PDT: Being investigated as a treatment for onychomycosis is PDT,
which combines light with photosensitizing chemicals. Although
still experimental, it shows promise for non-invasive fungal
eradication [105].

Nanotechnology
NPs
Nanotechnology could enable more precisely targeted drug delivery

systems for the infection, which could allow AF medications to be
delivered straight into the nail and surrounding tissues.

Immunotherapy and vaccines
Immunotherapy

Future choices might be new immunotherapy techniques, such as vaccines
that activate the body’s immune system to combat fungal infections. These
vaccinations could offer long-term defense against reinfection.

Gene therapy

e  Genetic modification: Future therapies could include gene therapy to
alter cells in the nail and surrounding tissues, therefore increasing
their resistance to fungal infections.

e Fungal resistance mechanisms: Knowing the genetic composition
of fungi and how they develop treatment resistance could help to
create medications aimed at those resistance pathways [106].

Improved diagnostic techniques
Molecular diagnostics

Quicker and more precise identification of the fungus causing
onychomycosis will be possible with polymerase chain reaction and
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other molecular methods. Non-invasive imaging: Technologies that
allow non-invasive imaging of the nail and underlying tissue to assess
the depth and extent of the infection may help doctors monitor the
infection more effectively and adjust treatments accordingly [107].

Natural and alternative therapies
Herbal and plant-based treatments

There is ongoing research into the efficacy of natural compounds (such
as tea tree oil, oregano oil, or garlic) in treating onychomycosis. These
may offer adjunctive treatments or alternatives for patients who prefer
natural therapies.

Probiotics

Exploring the role of probiotics in preventing or treating fungal
infections may become more prominent as research on the microbiome
and its interaction with fungal pathogens advances [93].

CONCLUSION

Emerging AF therapies are transforming onychomycosis treatment
by improving efficacy, drug penetration, and patient adherence.
New systemic agents, such as advanced azoles and allylamines, offer
stronger AF activity with fewer side effects. Topical treatments,
including benzoxaboroles and nanotechnology-based formulations,
enhance drug delivery. Non-pharmacological approaches such as
PDT and RNA therapeutics provide alternative strategies, especially
in resistant cases. However, challenges such as drug resistance,
limited clinical validation, high costs, and regulatory barriers
remain. Future research should focus on combination therapies, Al-
driven drug discovery, and personalized medicine to ensure more
effective, accessible, and patient-centered care for managing chronic
onychomycosis.

ACKNOWLEDGMENT

We would like to express our sincere gratitude to the President of
Uttaranchal University, Shri Jitendra Joshi, for his valuable support and
guidance.

AUTHORS’ CONTRIBUTIONS

All authors equally contributed to conceptualization, literature search,
compilation, and writing different parts of the review article.

CONFLICTS OF INTEREST

The authors declare that there is no conflict of interest.

REFERENCES

1. Gupta AK, Versteeg SG, Shear NH. Onychomycosis in the 21* century:
An update on diagnosis, epidemiology, and treatment. J Cutan Med
Surg. 2017 Nov;21(6):525-39. doi: 10.1177/1203475417716362,
PMID 28639462

2. Jan S, Bora D, Bhise K. Preungual drug delivery systems of terbinafine
hydrochloride nail lacquer. Asian J Pharm. 2014;2(1):1-7.

3. Hamm H, Stolze I. Diseases of nails. In: Plewig G, French L, Ruzicka T,
Kaufmann R, Hertl M, editors. Braun-Falco’s Dermatology. Berlin,
Heidelberg: Springer; 2022 Apr 28. p. 1373-98. doi: 10.1007/978-3-
662-63709-8 74

4. Desai D, Patel P. Terbinafine microparticle nail lacquer: Optimization
using factorial design. Int J Curr Res. 2016;8(12):450-7.

5. Gupta AK, Albreski D, Del Rosso JQ, Konnikov N. The use of the new
oral antifungal agents, itraconazole, terbinafine, and fluconazole to
treat onychomycosis and other dermatomycoses. Curr Probl Dermatol.
2001 Aug 1;13(4):213-46. doi: 10.1067/mdm.2001.108128

6. Kaur S, Singh D. Clinical evaluation of terbinafine lacquer in mild
onychomycosis. Int J Pharm Phytopharmacol Res. 2017;9(2):141-8.

7. Baswan S, Kasting GB, Li SK, Wickett R, Adams B, Eurich S,
et al. Understanding the formidable nail barrier: A review of
the nail microstructure, composition and diseases. Mycoses.
2017 May;60(5):284-95. doi: 10.1111/myc.12592, PMID 28098391

8. Sekyere JO, Asante J. Emerging mechanisms of antimicrobial

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Asian ] Pharm Clin Res, Vol 18, Issue 10, 2025, 8-15

resistance in bacteria and fungi: Advances in the era of genomics.
Future Microbiol. 2018 Feb 1;13(2):241-62. doi: 10.2217/fmb-2017-
0172, PMID 29319341

Sharma P, Verma P. Formulation and evaluation of terbinafine
nail lacquer: An ex vivo study. Int J Pharm Phytopharmacol Res.
2015;5(1):30-7.

Zobi C, Algul O. The significance of mono- and dual-effective agents
in the development of new antifungal strategies. Chem Biol Drug Des.
2025 Jan;105(1):e70045. doi: 10.1111/cbdd.70045, PMID 39841631
Rao S, Mehta G. Terbinafine niosomal gel: Formulation and antifungal
activity against Trichophyton rubrum. Int J Pharm Phytopharmacol
Res. 2017;7(4):215-22.

Srivastava R, Rawat AK, Mishra MK, Patel AK. Advancements in
nanotechnology for enhanced antifungal drug delivery: A comprehensive
review. Infect Disord Drug Targets. 2024 Mar 1;24(2):e021123223053.
doi: 10.2174/0118715265266257231022134933, PMID 38291868
Ailioaie LM, Litscher G. Probiotics, photobiomodulation, and
disease management: Controversies and challenges. Int J Mol Sci.
2021 May 6;22(9):4942. doi: 10.3390/ijms22094942, PMID 34066560
Priya N, Reddy B. Comparative permeation study of terbinafine-loaded
ethosomes and niosomes. Int J Curr Pharm Res. 2018;10(2):45-51.
Kumar A, Dash S. Quality by design-driven nanosphere gel of
terbinafine for topical onychomycosis treatment. Int J Curr Pharm Res.
2019;11(3):120-9.

Tosti A, Hay RJ, Arenas R, Torchia D, Garcia-Romero M T, Londono JC,
et al. Global consensus for the definition of onychomycosis. Skin
Appendage Disord. 2017;3(3):167-71.

Westerberg DP, Voyack MJ. Onychomycosis: Current trends in
diagnosis and treatment. Am Fam Physician. 2013;88(11):762-70.
PMID 24364524

Gupta AK, Simpson FC. Diagnosing onychomycosis. Clin Dermatol.

2013;31(5):540-3. doi: 10.1016/j.clindermatol.2013.06.009,
PMID 24079582
Elewski BE. Onychomycosis: Pathogenesis, diagnosis, and

management. Clin Microbiol Rev. 1998;11(3):415-29. doi: 10.1128/
CMR.11.3.415, PMID 9665975

Hay RJ. Onychomycosis. Curr Fungal Infect Rep. 2009;3(3):123-7.
Scher RK, Baran R. Onychomycosis in clinical practice: Factors
contributing to recurrence. Br J Dermatol. 2003;149(Suppl 65):5-9.
doi: 10.1046/j.1365-2133.149.565.5.x, PMID 14510969

Gupta AK, Paquet M. Systematic review of the epidemiology of
onychomycosis in children. Br J Dermatol. 2013;168(3):455-66.
Piraccini BM, Alessandrini A. Onychomycosis: A review. J Fungi
(Basel). 2015;1(1):30-43. doi: 10.3390/jof1010030, PMID 29376897
Thomas J, Jacobson GA, Narkowicz CK, Peterson GM, Burnet H,
Sharpe C. Toenail onychomycosis: An important global disease
burden. J Clin Pharm Ther. 2010;35(5):497-519. doi: 10.1111/j.1365-
2710.2009.01107.x, PMID 20831675

Sigurgeirsson B, Baran R. The prevalence of onychomycosis in the
global population: A literature study. J Eur Acad Dermatol Venereol.
2014;28(11):1480-91. doi: 10.1111/jdv.12323, PMID 24283696

Patel H, Shah N. In-vitro evaluation of polymeric nail lacquer containing
terbinafine HCL. Int J Curr Res. 2020;12(5):256-63.

Singh R, Jain A. Green synthesis of niosomal terbinafine:
Characterization and antimicrobial efficacy. Int J Pharm Phytopharmacol
Res. 2021;11(1):78-86.

Verma R, Gupta AK. Transungual delivery of terbinafine via
nanoemulgel: Formulation and hoof membrane permeation. Int J Curr
Pharm Res. 2021;13(4):98-105.

Foley K, Gupta AK, Versteeg S, Mays R, Villanueva E, John D.
Topical and device-based treatments for fungal infections of the
toenails. Cochrane Database Syst Rev. 2020;1(1):CD012093.
doi: 10.1002/14651858.cd012093.pub2, PMID 31978269

Michel MC, Gubler CJ. Onychomycosis: Rapid evidence review. Am
Fam Physician. 2021 Oct 1;104(7):359-64.

Oliveira M, Pereira MM, Costa JG. Network meta-analysis
of onychomycosis treatments. J Eur Acad Dermatol Venereol.
2016;30(9):144-52.

Chanyachailert P, Leeyaphan C, Bunyaratavej S. Cutaneous fungal
infections caused by dermatophytes and non-dermatophytes: An
updated comprehensive review of epidemiology, clinical presentations,
and diagnostic testing. J Fungi (Basel). 2023 Jun 14;9(6):669.
doi: 10.3390/j0f9060669, PMID 37367605

. Megson ML, Smith WP, Clark DC, Martin MV. Safety and

pharmacokinetics of 10% terbinafine hydrochloride nail lacquer in
patients with onychomycosis: A phase I, double-blind, randomized,
placebo-controlled study. Bethesda: Clin Trials Registry; 2008 Jun 3.

13



34.

3s.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

SI.

52.

53.

54.

Kori and Tyagi

Roilides E, Simitsopoulou M, Katragkou A, Walsh TJ. How biofilms
evade host defenses. Microbiol Spectr. 2015 Oct 7;3(3):287-300.
doi: 10.1128/microbiolspec.MB-0012-2014, PMID 26185085.
GarciaR, De Oliveira Garcia FA, Pereira PS, Coutinho HD, SiyadatpanahA,
Norouzi R, et al. Microbial resistance: The role of efflux pump superfamilies
and their respective substrates. Life Sci. 2022 Apr 15;295:120391. doi:
10.1016/j.1£5.2022.120391, PMID 35149116

Salve PS. Development and evaluation of topical drug delivery system
for terbinafine hydrochloride using niosomes. Res J Top Cosmet Sci.
2011;2(2):52-63.

Gil MF. Onychomycosis: A Review of Current Pharmacological and
Non-Pharmacological Treatment Options [Dissertation]. PQDT-Global;
2022.

Blutfield MS, Lohre JM, Pawich DA, Vlahovic TC. The immunologic
response to Trichophyton rubrum in lower extremity fungal infections.
J Fungi (Basel). 2015 Jul 17;1(2):130-7. doi: 10.3390/jof1020130,
PMID 29376904

Hameed S, editor. Human Fungal Diseases: Diagnostics, Pathogenesis,
Drug Resistance and Therapeutics. Boca Raton: CRC Press;
2024 Sep 17. doi: 10.1201/9781032642864

Murdan S. Nail disorders in older people, and aspects of their
pharmaceutical treatment. Int J Pharm. 2016 Oct 30;512(2):405-11.
doi: 10.1016/j.ijpharm.2016.05.022, PMID 27180233

Javanmard Z, Pourhajibagher M, Bahador A. Advancing anti-biofilm
strategies: Innovations to combat biofilm-related challenges and
enhance efficacy. J Basic Microbiol. 2024 Dec;64(12):e2400271.
doi: 10.1002/jobm.202400271, PMID 39392011

K.M. Semnani et.al, Green formulation, characterization, antifungal and
biological safety evaluation of terbinafine HCI niosomes and niosomal
gels manufactured by eco-friendly green method. J Biomater Sci Polym
Ed 2022;33:2325-2352. doi: 10.1080/09205063.2022.2103626.
Hoenigl M, Arastehfar A, Arendrup MC, Briiggemann R, Carvalho A,
Chiller T, et al. Novel antifungals and treatment approaches to tackle
resistance and improve outcomes of invasive fungal disease. Clin
Microbiol Rev. 2024 Jun 13;37(2):e0007423. doi: 10.1128/cmr.00074-
23, PMID 38602408

Pathak MK, Srivastava S, Singh RP. Bilayered nail lacquer of
terbinafine hydrochloride for onychomycosis: In vitro and clinical
evaluation. J Pharm Sci. 2010;99(10):4452-61.

Roy M, Karhana S, Shamsuzzaman M, Khan MA. Recent drug development
and treatments for fungal infections. Braz J Microbiol. 2023 Sep;54(3):1695-
716. doi: 10.1007/s42770-023-00999-z, PMID 37219748

Sharma A, Kaur J, Vyas SP. Terbinafine hydrochloride nail lacquer:
Formulation, characterization and in vitro evaluation. J Drug Deliv Sci
Technol. 2018;44:34-42.

Shah VH, Jobanputra A. Enhanced ungual permeation of terbinafine
HCl delivered through liposome-loaded nail lacquer optimized by QbD
approach. AAPS PharmSciTech. 2018;19(1):213-24. doi: 10.1208/
$12249-017-0831-0, PMID 28681334

Lewis JS, Wiederhold NP, Hakki M, Thompson GR 3. New
perspectives on antimicrobial agents: Isavuconazole. Antimicrob
Agents Chemother. 2022 Sep 20;66(9):0017722. doi: 10.1128/
aac.00177-22, PMID 35969068

Hammoudi Halat D, Younes S, Mourad N, Rahal M. Allylamines,
benzylamines, and fungal cell permeability: A review of mechanistic
effects and usefulness against fungal pathogens. Membranes (Basel).
2022 Nov 22;12(12):1171. doi: 10.3390/membranes12121171,
PMID 36557078

Gupta AK, Venkataraman M, Quinlan EM. New antifungal agents
and new formulations against dermatophytes. In: Dermatophytes
and Dermatophytoses. Cham: Springer International Publishing;
2021 Jun 9. p. 433-71.

Gupta AK, Versteeg SG. Tavaborole-a treatment for onychomycosis of
the toenails. Expert Rev Clin Pharmacol. 2016 Sep 1;9(9):1145-52. doi:
10.1080/17512433.2016.1206467, PMID 27347905

Nagasa GD, Belete A. Review on nanomaterials and nano-scaled
systems for topical and systemic delivery of antifungal drugs.
J Multidiscip Healthc. 2022 Jan 1;15:1819-40. doi: 10.2147/jmdh.
8359282, PMID 36060421

Gupta AK, Surprenant MS, Kempers SE, Pariser DM, Rensfeldt K,
Tavakkol A. Efficacy and safety of topical terbinafine 10% solution
(MOB-015) in mild-moderate DLSO: Phase 3 RCT. J Am Acad
Dermatol.  2021;85(1):95-104.  doi:  10.1016/j.jaad.2020.06.055,
PMID 32585278

Jensen-Pergakes KL, Kennedy MA, Lees ND, Barbuch R, Koegel C,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Asian ] Pharm Clin Res, Vol 18, Issue 10, 2025, 8-15

Bard M. Sequencing, disruption, and characterization of the Candida
albicans sterol methyltransferase (ERG6) gene: Drug susceptibility studies
in erg6 mutants. Antimicrob Agents Chemother. 1998 May 1;42(5):1160-
7. doi: 10.1128/AAC.42.5.1160, PMID 9593144

Konisky H, Klinger R, Coe L, Jaller JA, Cohen JL, Kobets K. A focused
review on laser- and energy-assisted drug delivery for nail disorders.
Lasers Med Sci. 2024 Jan 19;39(1):39. doi: 10.1007/s10103-024-
03992-6, PMID 38240827

Baran R, Sigurgeirsson B, De Berker D, Kaufmann R, Lecha M,
Faergemann J, et al. Multicentre RCT: Amorolfine lacquer + oral
terbinafine vs oral terbinafine alone in onychomycosis. Br J Dermatol.
2007;157(1):149-57. doi: 10.1111/5.1365-2133.2007.07974..x,
PMID 17553051

Oliveira M, Pereira MM, Costa JG. Network meta-analysis
of onychomycosis treatments. J Eur Acad Dermatol Venereol.
2016;30(9):144-52.

AhmadF, Salem-Bekhit MM, Khan F, Alshehri S, Khan A, Ghoneim MM,
et al. Unique properties of surface-functionalized nanoparticles
for bio-application: Functionalization mechanisms and importance
in application. Nanomaterials (Basel). 2022 Apr 13;12(8):1333.
doi: 10.3390/nano12081333, PMID 35458041

Sousa F, Ferreira D, Reis S, Costa P. Current insights on antifungal
therapy: Novel nanotechnology approaches for drug delivery systems
and new drugs from natural sources. Pharmaceuticals (Basel).
2020 Sep 15;13(9):248. doi: 10.3390/ph13090248, PMID 32942693
Guo YX, He YX. Nanoparticle-based drug delivery systems: An
updated strategy for treating fungal keratitis. Colloids Interface Sci
Commun. 2024 Jul 1;61:100794. doi: 10.1016/j.colcom.2024.100794
Carita AC, Eloy JO, Chorilli M, Lee RJ, Leonardi GR. Recent advances
and perspectives in liposomes for cutaneous drug delivery. Curr Med
Chem. 2018 Feb 1;25(5):606-35. doi: 10.2174/0929867324666171009
120154, PMID 28990515

Maddiboyina B, Sivaraman G. Bioinspired nanomaterials for drug
delivery. Mater res Found. 2021 Oct 15;111:63-95.

Delattin N, Cammue BP, Thevissen K. Reactive oxygen species-
inducing antifungal agents and their activity against fungal biofilms.
Future Med Chem. 2014 Jan 1;6(1):77-90. doi: 10.4155/fmc.13.189,
PMID 24358949

Wu S, Guo W, Li B, Zhou H, Meng H, Sun J, et al. Progress of
polymer-based strategies in fungal disease management: Designed for
different roles. Front Cell Infect Microbiol. 2023 Mar 22;13:1142029.
doi: 10.3389/fcimb.2023.1142029, PMID 37033476

Kaur M, Shivgotra R, Bhardwaj N, Saini S, Thakur S, Jain SK. Nascent
nanoformulations as an insight into the limitations of the conventional
systemic antifungal therapies. Curr Drug Targets. 2023 Feb 1;24(2):171-
90. doi: 10.2174/1389450124666221128122836, PMID 36443967
Mosallam S, Albash R, Abdelbari MA. Advanced vesicular systems for
antifungal drug delivery. AAPS PharmSciTech. 2022 Jul 28;23(6):206.
doi: 10.1208/s12249-022-02357-y, PMID 35896903

Boateng J, Catanzano O. Silver and silver nanoparticle-based
antimicrobial dressings. In: Boateng J, editor. Therapeutic Dressings
and Wound HEALING APPLications. Chichester: John Wiley and
Sons; 2020 Mar 2. p. 157-84. doi: 10.1002/9781119433316.ch8

Sun Q, LiJ, Le T. Zinc oxide nanoparticle as a novel class of antifungal
agents: Current advances and future perspectives. J Agric Food
Chem. 2018 Oct 9;66(43):11209-20. doi: 10.1021/acs.jafc.8b03210,
PMID 30299956

Agrawal V, Patel R, Patel M. Design, characterization, and evaluation
of efinaconazole loaded poly(D,L-lactide-co-glycolide) nanocapsules
for targeted treatment of onychomycosis. J Drug Deliv Sci Technol.
2023 Feb 1;80:104157. doi: 10.1016/j.jddst.2023.104157

Akhtar N, Verma A, Pathak K. Topical delivery of drugs for the
effective treatment of fungal infections of skin. Curr Pharm Des.
2015 Jun 1;21(20):2892-913. doi: 10.2174/1381612821666150428150
456, PMID 25925110

Wang L, Hu C, Shao L. The antimicrobial activity of nanoparticles:
Present situation and prospects for the future. Int J Nanomedicine.
2017;12:1227-49. doi: 10.2147/1JN.S121956, PMID 28243086

Sethi SK, Goel H, Chawla V. Nanoemulsion based supramolecular
drug delivery systems for therapeutic management of fungal infections.
Drug Deliv Lett. 2024;14(1):2-15. doi: 10.2174/221030311366623091
5103016

Dembskey N, Abrahamse H. The efficacy of phototherapy for the
treatment of onychomycosis: An observational study. Photonics.
2021;8(9):350. doi: 10.3390/photonics8090350

14



74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Kori and Tyagi

Allamyradov Y, Ben Yosef J, Annamuradov B, Ateyeh M, Street C,
Whipple H, et al. Photodynamic therapy review: Past, present,
future, opportunities and challenges. Photochem. 2024;4(4):434-61.
doi: 10.3390/photochem4040027

Ortiz AE, Avram MM, Wanner MA. A review of lasers and light for
the treatment of onychomycosis. Lasers Surg Med. 2014;46(2):117-24.
doi: 10.1002/1sm.22211, PMID 24375507

Sharma R, Lal S. Quality-by-design terclena®-style terbinafine lacquer:
In vitro and safety testing. Int J Curr Res. 2020;12(11):478-86.

Kawa N, Lee KC, Anderson RR, Garibyan L. Onychomycosis:
A review of new and emerging topical and device-based treatments.
J Clin Aesthet Dermatol. 2019;12(10):29-34. PMID 32038746

Banik A, Halder SK, Ghosh C, Mondal KC. Fungal probiotics:
Opportunity, challenge, and prospects. In: Yadav AN, Singh S, Mishra S,
Gupta A, editors. Recent Advancement in White Biotechnology
Through Fungi. Vol. 2. Cham: Springer International Publishing; 2019.
p. 101-17. doi: 10.1007/978-3-030-14846-1_3

Bruch A, Kelani AA, Blango MG. RNA-based therapeutics to treat
human fungal infections. Trends Microbiol. 2022;30(5):411-20.
doi: 10.1016/5.tim.2021.09.007, PMID 34635448

Singh N, Choudhary A. Terbinafine-loaded polymeric nanomicelles
for improved ungual delivery. Int J Pharm Phytopharmacol Res.
2021;11(3):158-67.

Gupta AK, Elewski B, Joseph WS, Lipner SR, Daniel CR, Tosti A,
et al. Treatment of onychomycosis in an era of antifungal resistance:
Role for antifungal stewardship and topical antifungal agents. Mycoses.
2024;67(1):e13683. doi: 10.1111/myc.13683, PMID 38214375

Saced H, Diaz LA, Gil-Gémez A, Burton J, Bajaj JS, Romero-
Gomez M, et al. Microbiome-centered therapies for the management
of metabolic dysfunction-associated steatotic liver disease. Clin Mol
Hepatol. 2025;31 Suppl: S94-111. doi: 10.3350/cmh.2024.0811,
PMID 39604327

Chambial P, Thakur N, Bhukya PL, Subbaiyan A, Kumar U. Frontiers in
superbug management: Innovating approaches to combat antimicrobial
resistance. Arch Microbiol. 2025;207(3):60. doi: 10.1007/s00203-025-
04262-x, PMID 39953143

Hatswell AJ, Baio G, Berlin JA, Irs A, Freemantle N. Regulatory
approval of pharmaceuticals without a randomised controlled study:
Analysis of EMA and FDA approvals 1999-2014. BMJ Open.
2016;6(6):e011666.

Jain A, Singh P. Transungual penetration of terbinafine with thioglycolic
pre-treatment: An ex vivo study. Int J Curr Res. 2021;13(6):557-65.
Gupta AK, Venkataraman M, Talukder M. Onychomycosis in older
adults: Prevalence, diagnosis, and management. Drugs Aging.
2022;39(3):191-8. doi: 10.1007/s40266-021-00917-8, PMID 35102533
Robbins JM. Treatment of onychomycosis in the diabetic patient
population. J  Diabetes  Complications.  2003;17(2):98-104.
doi: 10.1016/s1056-8727(02)00199-x, PMID 12614976

Mehta R, Rao K. In vitro permeation of terbinafine nano-liposomal nail
lacquer. Int J Curr Res. 2024;16(4):487-95.

Sobel JD, Donders G, Degenhardt T, Person K, Curelop S,
Ghannoum M, et al. Efficacy and safety of oteseconazole in recurrent
vulvovaginal candidiasis. NEJM Evid. 2022;1(8):1-13. doi: 10.1056/
EVID0a2100055, PMID 38319878.

Falci DR, Pasqualotto AC. Profile of isavuconazole and its potential in
the treatment of severe invasive fungal infections. Infect Drug Resist.
2013;6:163-74. doi: 10.2147/IDR.S51340, PMID 24187505

Sucher AJ, Thai A, Tran C, Mantena N, Noronha A, Chahine EB.
Ibrexafungerp: A new triterpenoid antifungal. Am J Health Syst Pharm.
2022;79(24):2208-21. doi: 10.1093/ajhp/zxac256, PMID 36083109

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Asian ] Pharm Clin Res, Vol 18, Issue 10, 2025, 8-15

Lipner SR, Scher RK. Efinaconazole 10% topical solution for the
topical treatment of onychomycosis of the toenail. Expert Rev Clin
Pharmacol.2015;8(6):719-31.doi: 10.1586/17512433.2015.1083418,
PMID 26325488

Elewski BE, Tosti A. Tavaborole for the treatment of
onychomycosis. Expert Opin Pharmacother. 2014;15(10):1439-48.
doi: 10.1517/14656566.2014.921158, PMID 24856836

Baran R, Kaoukhov A. Topical antifungal drugs for the treatment
of onychomycosis: An overview of current strategies for
monotherapy and combination therapy. J Eur Acad Dermatol
Venereol. 2005;19(1):21-9. doi: 10.1111/j.1468-3083.2004.00988.x,
PMID 15649187

Adler-Moore J, Lewis RE, Briiggemann RJ, Rijnders BJ, Groll AH,
Walsh TJ. Preclinical safety, tolerability, pharmacokinetics,
pharmacodynamics, and antifungal activity of liposomal
amphotericin B. Clin Infect Dis. 2019;68 Suppl 4:5244-59. doi:
10.1093/cid/ciz064, PMID 31222254

Dias M, Zhang R, Lammers T, Pallares RM. Clinical translation
and landscape of silver nanoparticles. Drug Deliv Transl Res.
2025;15(3):789-97. doi: 10.1007/s13346-024-01716-5, PMID 39377875
Alberdi E, Gomez C. Methylene blue vs methyl aminolevulinate
photodynamic therapy in the treatment of mild to moderate toenail
onychomycosis: Short- and medium-term effects. Dermatol Ther.
2020;33(6):¢14280. doi: 10.1111/dth.14280, PMID 32890444
Meretsky CR, Friday BL, Schiuma AT. Efficacy of laser therapy in
comparison with other methods for the treatment of onychomycosis:
A systematic review and meta-analysis. Cureus. 2024;16(5):¢59720.
doi: 10.7759/cureus.59720, PMID 38841013

Vidhate P, Wakchoure P, Borole S, Khan AA. Lactobacillus as
probiotics: Opportunities and challenges for potential benefits in
female reproductive health. Am J Transl Res. 2024;16(3):720-9. doi:
10.62347/IGWR5474, PMID 38586104

Adachi H, Hengesbach M, Yu YT, Morais P. From antisense
RNA to RNA modification: Therapeutic potential of RNA-
based technologies. Biomedicines. 2021;9(5):550. doi: 10.3390/
biomedicines9050550, PMID 34068948

Gupta AK, Talukder M, Venkataraman M. Review of the alternative
therapies for onychomycosis and superficial fungal infections:

Posaconazole, fosravuconazole, voriconazole, oteseconazole.
Int J Dermatol. 2022;61(12):1431-41. doi: 10.1111/ijd.15999,
PMID 34882787

Lipner SR, Joseph WS, Vlahovic TC, Scher RK, Rich P,
Ghannoum M, et al. Therapeutic recommendations for the
treatment of toenail onychomycosis in the US. J Drugs Dermatol.
2021;20(10):1076-84. doi: 10.36849/JDD.6291, PMID 34636509
Gupta AK, Stec N, Summerbell RC, Shear NH, Piguet V, Tosti A,
et al. Onychomycosis: A review. J Eur Acad Dermatol Venereol.
2020;34(9):1972-90. doi: 10.1111/jdv.16394, PMID 32239567
Verma AK, Singh AK. Terbinafine niosome-loaded polyurethane
lacquer for onychomycosis: Preclinical evaluation. Int J Pharm
Phytopharmacol Res. 2024;14(3):210-19.

Furlani F, Rossi A, Grimaudo MA, Bassi G, Giusto E, Molinari F,
et al. Controlled liposome delivery from chitosan-based
thermosensitive hydrogel for regenerative medicine. Int J Mol Sci.
2022;23(2):894. doi: 10.3390/ijms23020894, PMID 35055097
Khater HM, Khattab FM. Combined long-pulsed Nd-Yag laser
and itraconazole versus itraconazole alone in the treatment of
onychomycosis nails. ] Dermatolog Treat. 2020;31:406-9.

Rich P. Efinaconazole topical solution, 10%: The benefits of treating
onychomycosis early. J Drugs Dermatol. 2015;14:58-62.

15



